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A 2-year study was done to compare the effects of nitrogen (N) fertigation and granular
fertilizer application on growth and availability of soil N during establishment of highbush
blueberry (Vaccinium corymbosum L. “Bluecrop”). Treatments included four methods of
N application (weekly fertigation, split fertigation, and two non-fertigated controls) and
four levels of N fertilizer (0, 50, 100, and 150kg·ha−1 N). Fertigation treatments were irri-
gated by drip and injected with a liquid urea solution; weekly fertigation was applied once
a week from leaf emergence to 60 d prior to the end of the season while split fertiga-
tion was applied as a triple-split from April to June. Non-fertigated controls were fertilized
with granular ammonium sulfate, also applied as a triple-split, and irrigated by drip or
microsprinklers. Weekly fertigation produced the smallest plants among the four fertilizer
applicationmethodsat50kg·ha−1 Nduringtheﬁrstyearafterplantingbutthelargestplants
at 150kg·ha−1 N in both the ﬁrst and second year.The other application methods required
less N to maximize growth but were less responsive than weekly fertigation to additional
N fertilizer applications. In fact, 44–50% of the plants died when granular fertilizer was
applied at 150kg·ha−1 N. By comparison, none of the plants died with weekly fertigation.
Plant death with granular fertilizer was associated with high ammonium ion concentrations
(up to 650mg·L−1) and electrical conductivity (>3dS·m−1) in the soil solution. Early results
indicate that fertigation may be less efﬁcient (i.e., less plant growth per unit of N applied)
at lower N rates than granular fertilizer application but is also safer (i.e., less plant death)
and promotes more growth when high amounts of N fertilizer is applied.
Keywords: Vaccinium corymbosum, ammonium-N, leaf nitrogen, mineral nutrition, nitrate-N, soil electrical
conductivity, soil pH
INTRODUCTION
Mostblueberryﬁeldsthroughouttheworldareirrigatedbysprin-
klers or drip (Strik and Yarborough, 2005). While both irrigation
methods are effective for commercial production of blueberry, a
majoradvantageof dripisthecapabilityof applyingwater-soluble
fertilizers during irrigation. This procedure, otherwise known
as fertigation, can apply fertilizer very uniformly throughout a
ﬁeld and directly to the roots in small and frequent amounts as
needed, and it therefore has the potential to reduce total fertilizer
applications, leaching, and runoff (Kafkaﬁ and Tarchitzky, 2011).
Numerous fertilizers are available for fertigation,but currently
the most common products applied to blueberry include liquid
urea [(NH2)2CO] and urea containing liquid fertilizers such as
urea ammonium nitrate, urea phosphate, and urea sulfuric acid.
These products are considered well suited to blueberry because 1)
the urea breaks down quickly to ammonium–N (NH4–N) and 2)
the fertilizers help acidify the soil; blueberry prefers NH4–N over
nitrate–N (NO3–N) and grows best when soil pH is between 4.2
and 5.5 (Eck, 1988; Korcak, 1988; Poonnachit and Darnell, 2004).
The liquid fertilizers are usually injected throughout the growing
season until 1–2months prior to dormancy.
Granular urea or ammonium-based granular fertilizers, such
as ammonium sulfate [(NH4)2SO4] or ammonium phosphate are
oftenusedwithsprinklers(orinrain-fedﬁeldswithoutirrigation).
These products are typically applied in two or three split applica-
tions in the spring when N uptake by the plant is considered most
active (Hanson and Retamales, 1992; Throop and Hanson, 1997;
Bañados et al.,2006).Ammonium sulfate is the most acidifying of
thegroupandisrecommendedwhensoilpHisabove5.0;ureaora
blendof ureawith(NH4)2SO4 isrecommendedwhenpHisbelow
5.0 (Pritts and Hancock,1992; Strik et al.,1993; Hart et al.,2006).
Nitrogenrecommendationsforblueberrygenerallyrangefrom
20–140kg·ha−1 per year, varying with plant age and vigor, soil
typeandfertility,andregionallocation(Hanson,2006).Hartetal.
(2006) updated the blueberry fertilizer guidelines for the north-
western United States and recommend applying 17–26g of N per
plant per year during ﬁrst 4years after planting, 110–160kg·ha−1
per year the following 3years, and 160–180kg·ha−1 per year once
the plants reach maturity (typically in 7–8years). These rates
assume that sawdust and ≈100kg·ha−1 of N are incorporated
in the soil prior to planting, and that sawdust mulch is applied
to soil surface after planting and is replenished every few years
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there afterward. The rates were developed for granular product
applied as a broadcast band in the row (or under the drip line
of young plants) but do not necessarily apply to fertigation with
liquid fertilizers.
The objective of the present study was to compare the rela-
tive effectiveness of fertigation with the standard application of
granular fertilizer on plant growth and N uptake in a new plant-
ing of highbush blueberry. Nitrogen rates were also evaluated to
determine the optimum amount of fertilizer needed to maximize
growth and production with each method. Nitrogen fertigation
was applied by either split fertilizer injections or by weekly injec-
tion. With split injections, fertilizer can be applied when most
needed (e.g., during ﬂowering, fruit set, and early shoot growth),
but it may lead to root injury if the fertilizer becomes too con-
centrated beneath the drip emitters. We hypothesized that weekly
applications reduce the risk of root injury and encourage active
uptake of nutrients throughout the growing season.
MATERIALS AND METHODS
A 0.24-ha ﬁeld of “Bluecrop” highbush blueberry was planted at
the Oregon State University Lewis-Brown Horticultural Research
Farm in Corvallis, OR, USA in April 2006. Plants were obtained
from a commercial nursery (as 2-year-old container stock) and
spaced 0.76m×3.05m apart on raised beds (0.4-m high and
0.9-m wide). Soil at the site was a Malabon silty clay loam (ﬁne,
mixed,superactive,mesic Pachic UlticArgixerolls) adjusted to pH
5.5 with two applications of 670kg·ha−1 of elemental S incor-
porated 6 and 10 mos. prior to planting. A depth of 7.5cm
of Douglas-ﬁr (Pseudotsuga menziesii Franco) sawdust was also
incorporated within the plant row prior to planting, and 5cm
was applied on top of the beds immediately after planting. Grass
alleyways (1.1-m wide) were planted and maintained between
the beds.
Anirrigationsystemwasinstalledanddesignedwithamanifold
to accommodate 16 different fertilizer treatments. The treatments
were arranged in a split-plot design and included four methods
of fertilizer application (weekly fertigation, split fertigation, and
two non-fertigated controls) as main plots and four fertilizer rates
(0, 50, 100, and 150kg·ha−1 N) as subplots. Each treatment plot
consisted of one row of eight plants and was replicated six times.
The two fertigation methods and one of the non-fertigated con-
trolswereirrigatedbydriptubing(GeoFlow,Charlotte,NC,USA)
placedalongthetopof theplantingbednearthebaseof theplants.
The tubing had 1.9Lh−1 pressure-compensating,in-line emitters
spaced 0.30-m apart and was covered with the sawdust applied
after planting. The second non-fertigated control was irrigated
with 22.7Lh−1 fan-jet microsprinklers (DC Series, Bowsmith,
Exeter,CA,USA) located between each plant. The fan-jet emitters
had a 2.7- to 3.0-m diameter, circular wetting pattern at operat-
ing pressures of 100–140kPa. Irrigation was controlled in each
treatment by electric solenoid valves and an automatic timer set
weekly.
Liquid urea (20N–0P–0K) was injected during weekly and split
fertigationsusingVenturi-typeinjectors(MazzeiModel584Injec-
tor, Mazzei Injector Corp., Bakersﬁeld, CA, USA) installed at the
inﬂow of each drip system. Weekly fertigation was applied once a
week in 18 equal fertilizer applications from leaf emergence (mid
April)toabout60dayspriortotheendofthegrowingseason(mid
August), while split fertigation was applied once a month from
April to June in three equal applications. Non-fertigated controls
werefertilizedwithgranularammoniumsulfate(21N-0P-0K-24S)
and irrigated by drip or microsprinklers (simulates conventional
overheadsprinklerirrigation).Granularfertilizerwasalsoapplied
in three equal applications from April to June and was evenly
spread around the base of the plants in 2006 (year 1) and banded
oneachsideof theplantsin2007(year2).SincesoilPandKlevels
were sufﬁcient,no pre- or post-plant applications of P and K were
added.
Irrigationswerescheduledbasedonprecipitationandestimates
of crop evapotranspiration (ETc) obtained at least weekly from
a Paciﬁc Northwest Cooperative Agricultural Weather Network
AgriMet weather station (http://usbr.gov/pn/agrimet/) located
<0.25km from the ﬁeld site. Evapotranspiration estimates were
adjusted for plant size and irrigation system efﬁciency in each
FIGURE 1 | Canopy cover of “Bluecrop” blueberry fertilized by weekly
fertigation, split fertigation, or granular fertilizer (irrigated by drip or
microsprinklers) applications at 0, 50, 100, and 150kg·ha
−1 N. Each symbol
represents the mean of six replicates and error bars represent 1 SE.
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treatmentfollowingproceduresoutlinedinHolzapfeletal.(2004).
Water applications were measured using turbine water meters
(Sensus Metering Systems, Uniontown, PA, USA) installed at the
inﬂow of each irrigation system.
Canopy cover was estimated on August 30, 2006 and August
28,2007fromdigitalimagescapturedusinganADCmultispectral
camera (TetraCam Inc., Chatsworth, CA, USA). The camera was
suspended from a marked trellis wire located ≈2.5m above the
FIGURE2|P r oportion of dead “Bluecrop” blueberry plants fertilized by
weekly fertigation, split fertigation, or granular fertilizer (irrigated by
drip or microsprinklers) applications at 0, 50, 100, and 150kg·ha
−1 N.
Dead plants were counted in October 2006. Each bar represents the mean
of six plots and error bars represent ±1 SE.
plantingbed.Imageswerecollectedoneachdatefromeveryother
plant of the center six plants in each plot,for a total of 288 images
per date. Percent live cover in each image was determined using
software(PixelwrenchandBriv32)providedbythecameramanu-
facturer.Carewastakentoensurethatimageareaalwaysexceeded
canopywidthof eachimage.Anycoverbyweedsorthegrassalley-
way was cleaned from the images using Adobe Photoshop v. 5.0
(Adobe Systems Inc., San Jose, CA, USA) prior to analysis. Live
cover was converted to total percent canopy cover based on the
proportion of the ﬁeld covered by each image.
Soil solution was extracted from the soil using hydrophilic
porous polymer soil moisture samplers (Eijkelkamp Agrisearch
Equipment,Giesbeek,The Netherlands),according to procedures
describedbySpangenbergetal.(1997).Nine10-cmlongsamplers
were installed near one of the two center plants of each plot on
April 2007; one sampler was located near the base of the plant
and two each were located at 10-cm increments from the plant
in both directions along the drip lateral and in both directions
perpendicular to the row. Ten ml of soil solution was collected
periodically from each sampler,pooled in each replicate,and ana-
lyzedforNH4–NandNO3–Nusingarapidﬂowanalyzer(Alpkem
Flow Solution III, OI Analytical, College Station, TX, USA) and
for electrical conductivity using a calibrated conductivity meter
(Omega Engineering,Inc.,Stamford,CT,USA). Leaf samples (six
leaves from the center six plants in each plot) were also collected
July 28, 2006 and July 29, 2007, oven-dried at 70˚C, ground, and
analyzed for total N using a combustion analyzer (model CNS-
2000, LECO Corporation, St. Joseph, MI, USA), and soil samples
(2cm×10cm cores) were collected from the center of each plot
on May 23, July 27, and September 27, 2007 and analyzed for soil
pH [1 soil: 1 water (by volume)].
FIGURE 3 | Leaf N concentration of “Bluecrop” blueberry fertilized by
weekly fertigation, split fertigation, or granular fertilizer (irrigated by drip
or microsprinklers) applications at 0, 50, 100, and 150kg·ha
−1 N. Each
symbol represents the mean of six plots and error bars represent ±1 SE.
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Data were analyzed by split-plot analysis of variance using SAS
v. 9.1 (SAS Institute, Cary, NC, USA) with application method
treated as the main plot effect and fertilizer level treated as the
subplot effect. Comparisons among application methods were
performed at the 0.05 level using Fisher’s protected least signif-
icance difference (LSD0.05) test and response to fertilizer levels
was determined using orthogonal polynomials.
RESULTS AND DISCUSSION
YEAR 1
Canopy cover (which indicates the relative size of young plants)
was signiﬁcantly affected by the rate of N fertilizer application
(P <0.0001) during the ﬁrst year after planting (2006). However,
the interaction between N application method and level was also
signiﬁcant(P <0.01),whichindicatesthattheresponseof canopy
cover to N application differed among the fertilizer application
methods (Figure 1). In general, weekly fertigation produced the
lowest canopy cover at 50kg·ha−1 N and the highest canopy cover
at 150kg·ha−1 N in year 1. Apparently, plants fertilized by the
other methods required less N to produce their canopy but were
less responsive than those fertigated weekly to additional N fertil-
izerapplications.Infact,asmanyashalf theplantsdiedwhenthey
werefertilizedat150kg·ha−1 Nwithgranularfertilizer(Figure2).
This occurred whether plants were irrigated by microsprinklers
or drip. Alternatively, none of the plants died when they were
fertigated weekly.
Leaf N concentration was highest in year 1 when plants were
fertilized with granular fertilizer and irrigated by microsprinklers
and lower when plants were fertigated, especially when split fer-
tigated (Figure 3). However, despite the difference, leaf N was
sufﬁcient (>15g·kg−1) when plants were weekly fertigated at
100–150kg·ha−1 N. Leaf N concentrations <15g·kg−1 are often
considered deﬁcient in blueberry (mature plants) while those
>20g·kg−1 are usually considered above normal (Hart et al.,
2006).
The ﬁrst year results indicated that fertigation was actually less
efﬁcient (i.e., less plant growth per unit of N applied) than gran-
ular fertilizer application but is also safer (i.e., less plant death)
whenhighamountsoffertilizerisapplied.Thismayhaveoccurred
because granular fertilizer was applied around the base of the
plants directly to the roots while fertigation was applied along the
entire length of the plant row. Results may have been more com-
parable among treatments if the granular fertilizer was banded
along the row beginning the ﬁrst year after planting rather than
the second year.
YEAR 2
Byyear2,weeklyfertigationnolongerproducedthelowestcanopy
cover at 50kg·ha−1 N and produced the highest canopy cover at
both 100 and 150kg·ha−1 N( Figure 1). In fact, canopy cover
continued to increase with higher N application when plants were
fertigatedweekly(andmayhaveevencontinuedtodosoathigher
ratesof Napplication)butreachedamaximumat50–100kg·ha−1
when N fertilizer was applied by the other application methods.
Bañados et al. (2006) also found that granular ammonium sulfate
fertilizer was optimum for blueberry growth at 50–100kg·ha−1 N
and reduced growth at 200kg·ha−1 N.
Leaf N also increased with N application in year 2 but was
similar between the weekly fertigation and the granular fer-
tilizer treatment with microsprinklers (Figure 3). Plants fer-
tilized by split fertigation or with granular fertilizer and drip
tended to be N deﬁcient, with leaf N concentrations <15g·kg−1
(Figure 3).
Soil pH declined in the root zone the second year as more
N fertilizer was applied (Figure 4). Ammonium-N applica-
tion often reduces soil pH (Marschner, 1995). In sand culture,
FIGURE 4 | Soil pH in plots of “Bluecrop” blueberry fertilized by
weekly fertigation, split fertigation, or granular fertilizer (irrigated
by drip or microsprinklers) applications at 0, 50, 100, and
150kg·ha
−1 N. Soil samples were collected and analyzed for pH during the
second growing season (2007). Each symbol represents the mean of three
pooled plots and error bars represent ±1 SE.
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Merhaut and Darnell (1995) found that pH decreased from about
4.5 to 3.0 when blueberries were fed only NH4–N for 140days
but increased to 6.0 when the plants were fed only NO3–N. Bac-
terial nitriﬁcation of NH4 to NO3 may further reduce soil pH,
although this process is somewhat limited under the acidic con-
ditions of most blueberry ﬁelds (Schmidt, 1982; Paul and Clark,
1989).
Soil pH was also generally lower with microsprinklers than
with drip – even when no fertilizer was applied (Figure 4). With-
out N, pH averaged 5.6 with microsprinklers and 6.1–6.3 with
drip. Wetting more soil with microsprinklers probably increased
the activity of sulfur-oxidizing bacteria such as Thiobacillus spp.
These bacteria readily reduce soil pH by oxidizing elemental S
(applied before planting) to H2SO4 (sulfuric acid) (Germida and
Janzen, 1993; Tisdale et al., 1993). Microsprinklers may also leach
higher amounts of cations, such as Ca2+ and Mg2+, driving soil
pH even lower (Stevenson and Cole, 1999).
As mentioned earlier, ammonium sulfate is often recom-
mended when soil pH is above 5.0 while urea is recommended
below 5.0 (Pritts and Hancock, 1992; Strik et al., 1993; Hart et al.,
2006). However, soil pH did not appear affected by fertilizer type
in the present study. Plots fertilized with ammonium sulfate and
irrigated by microsprinklers had almost the same pH as those fer-
tigated each week with liquid urea at 150kg·ha−1 N, while plots
fertilized with ammonium sulfate and irrigated by drip at 100–
150kg·ha−1 N actually had higher pH than those fertigated with
liquidureaeitherweeklyorinatriple-splitapplication(Figure4).
Ammonium-containing fertilizers lower soil pH gradually, and
therefore, fertilizer effects on pH may not have been detectable
duringtheshortdurationof thestudy.Horneck(1995)foundthat
pH decreased by only 0.1 unit per year for every 110kg·ha−1 of
NH4–N applied to four grass seed (Lolium perenne L. and Festuca
arundinacea Schreb.) ﬁelds in Oregon.
Whetherirrigatedbymicrosprinklersordrip,granularNappli-
cation maintained much higher concentrations of NH4–N in
the soil than either of the two fertigation methods (Figure 5).
With granular ammonium sulfate,NH4–N averaged 5–31mg·L−1
with drip and 55–318mg·L−1 with microsprinklers; peak concen-
trations occurred immediately after application, reaching levels
as high as 121–138mg·L−1 with drip and 223–662mg·L−1 with
FIGURE 5 |Ammonium–nitrogen (NH4–N) concentrations in soil solution
samples collected from “Bluecrop” blueberry fertilized by weekly
fertigation, split fertigation, or granular fertilizer (irrigated by drip or
microsprinklers) applications at 0, 50, 100, and 150kg·ha
−1 N. Solution
was collected periodically from the root zone during the second growing
season (2007). Each symbol represents the pooled average of six plots.
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microsprinklerswhen100–150kg·ha−1 Nwasapplied.Fertigation
treatments, by comparison, averaged <3mg·L−1 over the season
and never exceeded 9mg·L−1 at any time during the season, even
when plants were split fertigated.
Electrical conductivity in the soil solution (ECw) was much
higher with granular fertilizer applications,especially when plants
were irrigated by microsprinklers (Figure 6). Electrical conduc-
tivity is a good indicator of soil salinity and salt stress. It tends
to increase rapidly with high concentrations of ammonium sul-
fate (Bunt, 1988), potentially leading plants to salinity problems
when too much of the fertilizer is applied (Caruso and Ramsdell,
1995). In a preliminary study, we found that ECw increased lin-
early at a rate of 2dS·m−1 for each gram of ammonium sulfate
fertilizer dissolved per liter of distilled water (Machado and Bryla,
unpublished results). Blueberry is considered sensitive to soil EC
levels >1.5–2.0dS·m−1 (Patten et al., 1989; Muralitharan et al.,
1992). Electrical conductivity was often >2dS·m−1 when granu-
lar fertilizer was applied but always <1.5dS·m−1 with fertigation.
Plants fertilized with the highest rates of ammonium sulfate suf-
fered from apparent salt stress (leaf necrosis and, in severe cases,
plantdeath)duringtheﬁrstsummerafterplanting.Asmentioned
above,44–50%diedandhadtobereplacedwhengranularammo-
nium sulfate was applied at a rate of 150kg·ha−1 N( Figure2). By
comparison, <6% of the plants died at that same N level when
urea was applied by split fertigation, and no plants showed any
sign of salt stress with weekly fertigation.Ammonium toxicity has
also been suggested as a problem when too much NH4 fertilizer is
applied (Britto and Kronzucker, 2002); however, a typical symp-
tomisleafchlorosis,whichwasnotobservedinanyofthefertilized
plants in the present study.
Granular fertilizer and microsprinklers also resulted in the
highest concentrations of NO3–N in soil solution (Figure 7). On
average over the season, NO3–N generally increased with the rate
of N application and ranged from 125–180mg·L−1 in the granu-
lar (microsprinkler) treatment, compared to only 22–67mg·L−1
with granular (drip) or weekly fertigation and only 15–39mg·L−1
FIGURE 6 | Electrical conductivity of soil solution samples collected from
“Bluecrop” blueberry fertilized by weekly fertigation, split fertigation, or
granular fertilizer (irrigated by drip or microsprinklers) applications at 0,
50, 100, and 150kg·ha
−1 N. Solution was collected periodically from the root
zone during the second growing season (2007). Each symbol represents the
mean of three pooled plots.
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FIGURE 7 | Nitrate–nitrogen (NO3–N) concentrations in soil solution
samples collected from “Bluecrop” blueberry fertilized by weekly
fertigation, split fertigation, or granular fertilizer (irrigated by drip or
microsprinklers) applications at 0, 50, 100, and 150kg·ha
−1 N. Solution
was collected periodically from the root zone during the second growing
season (2007). Each symbol represents the pooled average of six plots.
with split fertigation. By September, NO3–N in the granular
(microsprinkler) treatment reached as high as 323–417mg·L−1
when 100–150kg·ha−1 N was applied. The highest levels reached
in the other treatments were 157mg·L−1 (13 July) with weekly
fertigation and 102–114mg·L−1 (May–June) with granular (drip)
andsplitfertigation.SincetheabilityofblueberrytoacquireNO3–
N is uncertain, high concentrations of NO3–N may lead to N
leaching,especially when levels are high late in the year and plants
become dormant.
CONCLUSION
Overall, during establishment, applying adequate N through the
drip irrigation system enhanced early growth of blueberry when
compared to N applied as granular fertilizer. Finn and Warmund
(1997) found a similar result and reasoned that N placed above
the sawdust mulch may have been partially immobilized by the
organic mulch as soil microorganisms used some of the available
N to break down the mulch. In fact,Gough (1994) recommended
that the normal amount of N fertilizer be doubled when applied
on the mulch surface. Still et al. (1972) found that N was the most
important factor limiting plant growth when sawdust was used
as a soil amendment. However, the present results showed that
plantNlevelswereactuallyhigherwithgranularfertilizerapplica-
tion than with fertigation. Fertigation more likely increased plant
growth over granular fertilizer by reducing salt stress and main-
taining safe and optimum levels of NH4–N within the root zone
throughouttheseason.Laterworkwillexaminetheeffectsof each
treatment on fruit production.
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